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North-east Atlantic mackerel spawning distribution has shifted northward in the last three
decades probably in response to global sea warming. Yet, uncertainties subsist regarding
on the shift rate, causalities, and how this species will respond to future conditions. Using
egg surveys, we explored the influence of temperature change on mackerel’s spawning
distribution (western and southern spawning components of the stock) between 1992
and 2013, and projected how it may change under future climate change scenarios.
We developed three generalized additive models (GAMs): (i) a spatiotemporal model to
reconstruct the spawning distribution for the north-east Atlantic stock over the period
1992–2013, to estimate the rate of shift; (ii) a thermal habitat model to assess if spawning
mackerel have tracked their thermal spawning-niche; and (iii) a niche-based model to
project future spawning distribution under two predicted climate change scenarios. Our
findings showed that mackerel spawning activity has shifted northward at a rate of 15.9
± 0.9 km/decade between 1992 and 2013. Similarly, using the thermal habitat model, we
detected a northward shift of the thermal spawning-niche. This indicates that mackerel
has spawned at higher latitudes to partially tracking their thermal spawning-niche, at
a rate of 28.0 ± 9.0 km/◦C of sea warming. Under future scenarios (mid and end of
the century), the extrapolation of the niche-based model to coupled hydroclimatic and
biogeochemical models indicates that center of gravity of mackerel spawning distribution
is expected to shift westward (32 to 117 km) and northward (0.5 to 328 km), but with
high variability according to scenarios and time frames. The future of the overall egg
production in the area is uncertain (change from −9.3 to 12%). With the aim to allow
the fishing industry to anticipate the future distribution of mackerel shoals during the
spawning period, future research should focus on reducing uncertainty in projections.
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INTRODUCTION
Climate change is altering ocean physico-chemistry and circulation and this trend is projected to
be exacerbated over the 21st century (Collins et al., 2013). In particular, global sea warming has
modified the distribution and phenology of several marine fish species and plankton communities
(Beaugrand et al., 2002; Edwards and Richardson, 2004; Perry et al., 2005; Cheung et al., 2013;
Chust et al., 2013; Munday et al., 2013; Montero-Serra et al., 2015). Numerous species have shifted
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their distributions northward to follow the displacement of
their thermal habitat—also called niche tracking (Monahan and
Tingley, 2012). Possible consequences include the alteration of
large-scale to local ecosystems, fish recruitment and break down
of the established food chain (Beaugrand et al., 2003). This will
strongly affect fisheries (Brander, 2010; Pecl et al., 2014; Gamito
et al., 2015), stressing the need to improve our understanding
of past changes in fish distribution to allow reliable future
projections.
In this study, we investigated the case of Atlantic mackerel
(Scomber scombrus), a pelagic species performing seasonal
migrations between feeding and spawning grounds (Uriarte
and Lucio, 2001). In particular, we investigated the North-
East Atlantic mackerel (NEAM) population which spawns
from January to July along the continental shelf edge from
Portuguese to Scottish waters and in the North Sea (Reid
et al., 1997; Villamor et al., 1997; Reid, 2001; Beare and
Reid, 2002). After spawning, NEAM migrates toward the
North Sea and Norwegian Sea to feed. Mackerel is an
economically important species for several European countries
with approximately 1.4 million tonnes landed in 2014 (ICES,
2015). Until 1995, NEAM was originally divided into three
separated management units (North, West, and South stocks).
However, from that year on (based on tagging experiments,
which validated the migratory route of mackerel in the Northeast
Atlantic waters), it was agreed to unify the population in
a single stock. This stock is divided into three spawning
components (ICES, 1996): North Sea Spawning Component
(NSC), Western Spawning Component (WSC, Biscay to
northwest of Scotland), and Southern Spawning Component
(SSC, Gibraltar to southern Biscay); the existence of these
spawning components still remains controversial Some studies
on natal homing studies indicate the existence of structures
within the spawning components (Nesbö et al., 2000; Jansen
et al., 2013) with mixing between them (Jansen and Gislason,
2013), although most of the studies failed to identify patterns
(Jamieson and Smith, 1987; MacKenzie, 1990; Abaunza et al.,
1995).
NEAM spawning localization has shifted northward in the
last three decades (Beare and Reid, 2002) probably due in part
to global sea warming (ICES, 2012, 2013a; Hughes et al., 2014).
Beare and Reid (2002) showed that the intensity of spawning
activity from 1977 to 1998 has shifted, declining in the south
and rising in the north, although without clear relation between
egg density and sea temperature. Hughes et al. (2014) modeled
the spawning activity occurring in the western component
during the period 1977–2010 and estimated a northward shift
of 37.7 km/◦C of warming. Heath et al. (2012) observed a
northward shift in mean latitude of NEAM’s catches for the
two periods studied i.e., 1970–1980 and 1980–1990. However,
Montero-Serra et al. (2015) did not find significant changes
in the mean latitude of occurrence of NEAM captures in the
North Sea for the period 1965–2012. Nevertheless, this analysis
showed that NEAM abundance seems to have increased in the
North Sea. More recently, in late September 2013, NEAM were
recorded for the first time in Isfjorden, Svalbard (78◦15′ N,
15◦11′ E). This observation represents a possible northward
expansion of mackerel’s distributional range (of ca. 5◦ latitude)
and seems to be linked with the increase in water temperature
(Berge et al., 2015). The phenology also seems to be altered.
Punzón and Villamor (2009) analyzed the handline fishery
landings occurring in the Cantabrian Sea at the end of the winter
and concluded that the fishing season shifted forward by 29
days between 2000 and 2006. Overall, uncertainties regarding
the shift rate of NEAM spawning activity, its causes, and
how this species will adapt to future conditions, still remain
unclear.
To address these questions, the distribution of mackerel
spawning activity was modeled using Generalized Additive
Models (GAMs). We aimed to identify the drivers of spawning
activity, how this species is affected by oceanic variability,
and how this might be modified in the future under climate
change scenarios. In particular, we built and compared two
different models to analyse the trends and potential drivers
over the period 1992–2013, based on the approach developed
by Chust et al. (2013), and a third model to project
future spawning distribution: (i) a spatiotemporal model to
reconstruct the monthly spawning distribution for the NEAM
stock (western and southern components) over the period
1992–2013 and to estimate the rate of shift; (ii) a thermal
habitat model over the same period to assess whether the
thermal spawning-niche (i.e., sea temperature suitability for
spawning) has shifted or not; and (iii) an ecological niche-
based (sensu Hutchinson (1957)) model to project future
spawning distribution over the 21st century under IPCC
RCP (Representative Concentration Pathway) climate change
scenarios.
MATERIALS AND METHODS
Biological Data
Since 1977, ICES (International Council for the Exploration of
the Sea) partners undertook triennially a mackerel egg survey in
the north-east Atlantic, providing the only fishery-independent
measure of spawning stock biomass. Until 1989, mackerel egg
surveys were exclusively conducted in theWSC (see above). Only
since 1992, surveys started covering the whole spawning area of
the WSC and SSC, from January to July, following the south to
north spawning migration as the water temperature gradually
warms up. Data collection consists of towing plankton hauls in
location, usually centered on ICES half statistical rectangles (0.5◦
latitude × 0.5◦ longitude in WSC and 0.25◦ latitude × 0.333◦
longitude in SSC). Surveys are conducted by several countries
using different sampling gears. Therefore, a standardization
procedure is implemented to ensure data homogeneity. Details
about the sampling strategy can be found in the survey manual
(ICES, 2013b).
Because the egg survey for the SSC has only been undertaken
since 1992, in this study, we analyzed the integrated data from
the WSC and SSC, collected during the period 1992–2013.
Presence/Absence (Pres/Abs) data and egg production (EP, eggs
m−2 days−1) were used as response variables. EP was preferred to
egg count according to findings from Augustin et al. (1998). The
equation can be found in Hughes et al. (2014).
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Environmental Data
Several environmental variables were compiled with the aim of
identifying the drivers of NEAM spawning activity. In order
to comprise the entire vertical distribution of mackerel eggs
in the water column (Coombs et al., 2001), ICES recommends
a maximum sampling depth of 200 m, or 5m above the
bottom in shallower areas. Therefore, a large part of the data
summarizes the amount of eggs located in the upper 200m
water column. Considering this, monthly averaged-200-m-water-
column temperatures were calculated using multi-water-layers
from NCEP Global Ocean Data Assimilation System (GODAS;
Derber and Rosati, 1989; Ji et al., 1995; Behringer et al., 1998;
Saha et al., 2006; Nishida, 2011). GODAS provides monthly water
temperature data on a 0.333◦ × 1◦ latitude–longitude grid. A
bilinear interpolation was performed to obtain a 0.5◦ × 0.5◦
latitude–longitude resolution. Monthly Sea Surface Temperature
(SST), Sea Surface Salinity (SSS), Sea Surface Height (SSH), and
Mixed Layer Depth (MLD) were extracted from the same model
and interpolated in a similar way. Bathymetry was extracted
from NOAA database using the marmap R package (Pante
and Simon-Bouhet, 2013). As a surrogate of phytoplankton, we
extracted monthly-averaged surface chlorophyll concentration
from satellite data (merged data from different sensors: SeaWIFS,
MODIS, MERIS, and VIIRS) between 1998 and 2013 (available
from GlobColour at http://hermes.acri.fr/).
Spawning Distribution Modeling
The distribution of mackerel spawning activity was modeled
using GAMs (Hastie and Tibshirani, 1990). GAMs were selected
as they enable the fit of non-linear responses for a wide range of
statistical distributions. The specific method designed to model
themonthly spawning distribution was inspired by the procedure
described in Borchers et al. (1997) for horse mackerel (Trachurus
trachurus), in which Pres/Abs is modeled separately from non-
zero (i.e., abundance) observations. Themethod is based on three
steps described as following:
Step (1) A first GAM using egg Pres/Abs as response
variable was built (thereafter, referred as the Pres/Abs
model). A binomial error distribution with a logit-link
function was chosen to run the model. Variable selection
was undertaken first by removing variables that were not
statistically significant, and second, by adding and removing
terms according to the criteria of deviance change (>1%) in
a forward stepwise procedure, in order to select the model
with the highest explained deviance and lowest AIC (Akaike
Information Criterion) (Guisan and Zimmermann, 2000).
Degrees of smoothness were limited to fit unimodal response
curves, according to the ecological niche concept, and were
restricted from 3 to 5 to avoid overfitting. All simulations were
performed in R (R Core Team, 2014) using the mgcv package
(Wood, 2011).
Step (2) A second GAM was built to model non-zero
EP (thereafter, referred as the abundance model). The log-
transformed EP was used as response variable with a Gaussian
error distribution. Predictors and degree of smoothness were
chosen identical to the one used in the Pres/Abs model.
Step (3) Pres/Abs and abundancemodels were then combined.
The predicted EP of a particular point was conserved in
the final model only if presence was predicted for this same
location by the Pres/Abs model. In the case of a predicted
absence, the EP was set to 0.
After model building, model validation has been undertaken (see
Data Sheet S1).
Spawning Reconstruction Model
(1992–2013)
Following the 3-step model building method detailed in the
previous section, a GAM model was built to reconstruct the
monthly spawning distribution between 1992 and 2013. Since
shifts in egg production distribution is related to an expansion
in the distribution in survey effort (Hughes et al., 2014), the
objective of the reconstruction model was to avoid bias due to
a shift in sampling effort (Chust et al., 2013). Therefore, year,
month (as a factor), latitude and log-transformed bathymetry
were used as predictors. Latitude was used as spatial term, and
month and year were used to reconstruct the temporal pattern.
Log-transformed bathymetry was integrated into the model as
a descriptor of geographical attachment (Planque et al., 2011),
since spawning activity ranges along the continental shelf edge.
Geographical attachment may be the consequence of site fidelity
or of the recurrence of favorable conditions at particular areas
associated to large scale oceanographic features (Reglero et al.,
2012).
Thermal Spawning-Niche Model
(1992–2013)
Following the same 3-step model building method as detailed
in the previous section, a GAM model was built to describe
NEAM thermal spawning-niche and to analyse its distribution
evolution between 1992 and 2013. The thermal spawning-niche
is defined as the habitat where sea temperature is the most
suitable for WSC and SSC mackerel spawning. EP was predicted
according to averaged-200-m-water-column temperature and
log-transformed bathymetry. Areas of high EP indicate the
favorable location for mackerel spawning in terms of sea
temperature. Log-transformed bathymetry was integrated in
the model to maintain the thermal spawning-niche along the
continental shelf edge where the spawning activity is known to
be the highest. Thus, we assessed whether the thermal spawning-
niche has shifted or not between 1992 and 2013 (see Section
below).
We also estimated the trend of the integrated-200-m-water-
column temperature by considering the averaged boundaries of
the spawning area as well as the spawning period (January–
July) as a working base. Only spatial points with EP >0.1
were considered. Then, it was possible to divide the spawning
area into the western and southern component according to
the boundaries agreed on in stock assessments (ICES, 2010).
January-to-July-means of the integrated-200-m-water-column
temperature were, therefore, computed for the spawning area for
each January–July period. Subsequently, a linear model was fitted
to estimate the trend.
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Projecting Distribution Shifts under
Climate Change Scenarios
In order to assess the potential response of NEAM spawning to
future climate change, we have developed a niche-based model,
using GAMs, which has been projected to future conditions.
The niche-based model building followed the same 3-step
methodology used in previous section. As predictors for the
niche-spawning model, we selected monthly hydroclimatic and
biogeochemical modeled data obtained from the DKRZ-CERA
(the database of the German Climate Computing Center) under
IPCC RCP4.5 and 8.5 scenarios for the period 2006–2100
(Giorgetta, 2012, Giorgetta et al., 2013). RCPs (Representative
Concentration Pathways) are greenhouse gas concentration
trajectories adopted by the IPCC (Intergovernmental Panel on
Climate Change) for its fifth Assessment Report (AR5) in 2014.
RCP4.5 corresponds to a medium emission-mitigation scenario
(630 ppm CO2-eq. ppm by the year 2100), whilst RCP8.5 is
the highest-carbon-emission scenario (936 CO2-eq. ppm by
the year 2100) developed by the last IPCC report (Collins
et al., 2013) among the four scenarios considered; both of them
usually used as “business as usual” scenarios for the purposes
of estimating the consequences of climate change. Projected
SST, multi-water-layers temperature, SSS, multi-water-layers
salinity, SSH, MLD, O2, and pH were extracted from the Max
Planck Institute’s Ocean Circulation Model (MPIOM) (Jungclaus
et al., 2013) and simulated phytoplankton and zooplankton
carbon concentration (thereafter, referred as phytoplankton and
zooplankton, respectively) were extracted from the Hamburg
Ocean Carbon Cycle (HAMOCC, a sub-model of the MPIOM)
(Marsland et al., 2003; Ilyina et al., 2013). In particular, we used
the CMIP5 (Coupled Model Intercomparison Project Phase 5)
ensemble member r1i1p1 run over the mixed-resolution version
(MR). Data are distributed aggregated on a tripolar grid of∼0.4◦.
Therefore, a bilinear interpolation was required to obtain a 0.5◦
× 0.5◦ resolution.
The niche-based model was built with the reference period
at the early century (2006–2020); subsequently, the model was
applied to mid-century (2040–2059) and end-of-the-century
(2080–2099) periods, and compared with present state. To
better understand the future environmental changes in the
spawning area, we used linear regressions and a Wilcoxon test
to estimate the trends and differences in averaged-200-m-water-
column temperature, zooplankton and phytoplankton, under
both climate scenarios.
Center of Gravity for Past and Future
Distribution
Spawning distribution shift through time was analyzed using the
gravity center (CoG), which it is defined as the weighted mean
geographic location of a population (Woillez et al., 2009). A
linear trend model was fitted to the annual values of CoG to
evaluate the shift in the distribution of EP for each model (i.e.,
reconstruction, thermal habitat, and projections), sampling effort
and raw EP observations, over the period. We also computed
the annual latitude location of the percentile 5% (P5%) and 95%
(P95%) of the EP. We analyzed the linear relation between the
CoG displacement of the EP reconstructed model with that of the
thermal habitat. If this relation is significant, hence, we estimated
the shift rate in kilometer per degree Celsius of warming.
Projected shifts in the CoG, P5 and P95% under RCP4.5 and 8.5
were analyzed in a similar way. We calculated those three indices
for every period: present, mid-century, and end-of-the-century.
We also analyzed the expected overall EP and spawning area
underRCP4.5 and 8.5. To estimate the overall EP, we summed
the projected EP of the whole area of every month for the
three periods: present, mid-century, and end-of-the-century.
Those values were then transformed into percentage of increase
or decrease compared with the present conditions. To analyse
the evolution of the spawning area, we calculated for each
spatial point the percentage of increase or decrease in EP for
mid-century and end-of-the-century conditions compared with
present conditions. Subsequently, we estimated the percentages
of the studied area that will undergo an increase and a decrease in
EP. The term “rear-edge areas” was used to define areas expected
to become unsuitable for EP and the term “leading-edge areas” to
define areas expected to become suitable for EP.
RESULTS
Changes in Spawning between 1992 and
2013
In 2013, sampling effort CoG of NEAM occurred 609 km
further north compared with its latitudinal position in 1992
(Figure 1A), with a trend of 289.8 ± 40.9 km/decade (Table 2).
Sampling effort boundaries, represented by P5 and P95%
had similarly shifted northward with the CoG. The CoG of
the raw EP observations had shifted 84.6 ± 57.3 km/decade
(Table 2).
Figure 2 shows the spawning distribution reconstructed
using year, month, latitude, and log-transformed bathymetry.
All these variables were significantly correlated with mackerel’s
egg distribution. AUC and model accuracy (0.70 and 71%,
respectively) for the Pres/Abs model indicate moderate
model reliability. The cross-validated R-squared value from
the abundance model (19.7%) was similar to the deviance
explained (16.6%), indicating no overfitting. Model set up
is detailed in Table 1. CoG of the resulting spatiotemporal
model showed that distribution of the mackerel spawning
activity has shifted northward (Figure 1B). Combined southern
and WSCs have shifted at a rate of 15.9 ± 0.9 km/decade
over the modeled period while the western component
taken as a single entity has shifted at 12.2 ± 1.1 km/decade
(Table 2).
After analysing each predictor independently, we concluded
that sea temperature is the second most influencing
environmental variable after bathymetry for the NEAM
spawning activity based on the explained deviance (Table 3).
Integrated-200-m-water-column temperature proved to be more
accurate than SST to predict the spawning activity (Table 3).
The thermal habitat model was relatively accurate with AUC and
model accuracy having the values of 0.70 and 70%, respectively
(Table 1). The evaluation indicates no model overfitting. Results
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FIGURE 1 | Latitudinal shift of the sampling effort, reconstructed spawning distribution, and thermal spawning-niche. (A) Shift in CoG, percentile 5 and
95 for the sampling effort of NEAM over the period 1992–2013, (B) Shift in CoG of the reconstructed NEAM spawning distribution and that of thermal spawning-niche
model over the period 1992–2013.
FIGURE 2 | Monthly average reconstructed NEAM spawning distribution. (A) January, (B) February, (C) March, (D) April, (E) May, (F) June, (G) July.
show a northward shift of the thermal spawning-niche of
NEAM between 1992 and 2013 (Figure 1B). The thermal
spawning-niche of the western and southern component had
shifted at a rate of 81.5 ± 17.5 km/decade and a similar shift
was found for the western component—taken as a single entity
(Table 2). Both the reconstructed spawning distribution and the
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TABLE 1 | Reconstruction GAMs for the EP western and southern component.
Model Response
variable
Explanatory
variables
EDFc p-value Overall
EDd(%)
R-squared
(%)
AUCe(model with
all
observations/mean
k-fold cross
validation)
Accuracy (%, model with
all observations/mean
k-fold cross-validation)
S
p
a
tio
te
m
p
o
ra
l
Egg
Pres/Absa
Month 4 months significant 18.7 – 0.700/0.695 70.8/72.0
Year 1.58 1.7e-11
Latitude 3.90 <2e-16
Log-bathymetry 2.98 <2e-16
Log-EPb Month 4 months significant 16.6 19.7 – –
Year 1.74
Latitude 3.91 <2e-16
Log-bathymetry 2.99
T
h
e
rm
a
lh
a
b
ita
t
Egg
Pres/Abs
Averaged-200-
m-water-column
temperature
2.91 <2e-16 18.1 – 0.701/0.688 70.4/72.2
Log-bathymetry 2.88
Log-EP Averaged-200-
m-water-column
temperature
4.53 <2e-16 16.9 21.1 – –
Log-bathymetry 2.93
Species probabilities of occurrence predicted by the Presence/Absence models were converted to either presence or absence using a threshold of 0.60 and 0.66 for the spatiotemporal
model and thermal habitat model, respectively.
aegg presence/absence.
b log-transformed egg production.
cestimated degrees of freedom.
dexplained deviance.
earea under receiver operation characteristic curve.
TABLE 2 | Latitudinal CoG shift of sampling effort, spatiotemporal reconstruction, and thermal spawning-niche model of north-east Atlantic mackerel
spawning activity between 1992 and 2013.
Studied area Data analyzed Trend (km/decade) p-value
(±Standard Error)
Southern + Western Reconstructed EP 15.9± 0.9 <0.001
Thermal spawning-niche 81.5± 17.5 <0.001
Sampling effort 289.8± 40.9 <0.001
Raw EP observations 84.6± 57.3 <0.001
Western Reconstructed spawning activity 12.2± 1.1 <0.001
Thermal spawning-niche 83.8± 17.1 <0.001
Sampling effort 286.1± 39.2 <0.001
thermal spawning-niche had shifted northward between 1992
and 2013. The analysis of the sea temperature trends showed a
warming of the integrated-200-m-water-column temperature
of 0.219◦C/decade for the whole spawning area (western and
southern component, Figure 3) and of 0.230◦C/decade for the
western component over the period January–July 1992–2013
(p = 0.001, 0.0007, respectively). Regarding the southern
component, the linear regression was not significant (p =
0.244). The peak spawning period (March-April) was found to
have undergone a faster warming of 0.221◦C/decade for both
southern and western components, and of 0.233◦C/decade for
the western component taken individually (p = 0.0008, 0.0005,
respectively). The linear regressions between the CoG shift
in the reconstructed model and the yearly-mean temperature
of the spawning area were statistically significant (r2 = 0.26,
p = 0.005 for WSC, r2 = 0.29, p = 0.009 for WSC and SSC,
see Figure S1); from this we inferred a shift in spawning
activity CoG of 28.0 ± 9.0 km/◦C of sea warming for the WSC
and SSC and a shift of 20.6 ± 7.1 km/◦C of sea warming for
the WSC.
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TABLE 3 | Explained deviance (%) of mackerel egg occurrence and
log-transformed daily egg production to each environmental variable
taken individually.
Explanatory variable Egg Pres/Absa Log-EPb
SST 4.42 6.51
Averaged-200-m-water-column temperature 9.02 10.04
SSS 6.49 6.84
SSH 6.03 5.48
MLD 1.21 1.99
Phytoplankton 0.94 0.40
Log-bathymetry 11.9 2.68
Longitude 0.30 3.04
Latitude 6.52 7.48
Month 3.03 0.57
Year 1.59 5.42
All data were tested with 4 degrees of smoothness.
aEgg presence/absence.
bLog-transformed daily egg production.
Projections of Spawning Activity under
Climate Change Scenarios
The MPIOM model run under RCP8.5 (i.e., highest-
carbon-emission scenario) forecasts an increase in the
integrated-200-m-water-column temperature of the spawning
area (for the spawning period January–July) of 0.086◦C ±
0.189◦C for mid-century (2040–2059) and of 0.315◦C± 0.294◦C
for the end-of-the-century (2080–2099) (Wilcoxon rank sum
test, p = 0.039, p < 0.0001, respectively), with respect to
present (2006–2020). Results for the RCP4.5 (medium emission-
mitigation scenario) differ significantly from RCP8.5 with
a projected decrease in the integrated-200-m-water-column
temperature of the spawning area of −0.245◦C ± 0.225◦C
for the end-of-the-century (Wilcoxon rank sum test, p <
0.0001). For the same scenario, no significant change in the
integrated-200-m-water-column temperature of the spawning
area is predicted for the mid-century (Wilcoxon rank sum test,
p = 0.0543). For both scenarios, water temperature changes
predicted in the spawning area are highly variable from one
place to another (Figure 4). It is likely that the waters of the
Bay of Biscay, forming the SSC, and the south part of the WSC,
will warm over the 21st century. Inversely, the east part of the
WSC will cool down. Overall, the two climate scenarios project a
decrease in zoo- and phytoplankton concentration over the end-
of-the-century. Under RCP4.5, phytoplankton and zooplankton
are, respectively, projected to decrease at a rate of −8.4e-5 and
−2.3e-5 mol.m−3.dec−1 (both p < 1e-4) over the course of the
21st century. Under RCP8.5, the decrease will be stronger with a
rate of −1.672e-5 mol.m−3.dec−1 for phytoplankton and a rate
of−4.1e-6 mol.m−3.dec−1 for zooplankton (both p < 1e-4).
We assessed future changes in mackerel’s spawning
distribution under IPCC RCP4.5 and 8.5 scenarios. Integrated-
200-m-water-column temperature, zooplankton, phytoplankton,
and log-transformed bathymetry were the variables selected
in the final model (Table S1, Figures S2, S3), which explains,
on average, 28 and 23% of the deviance for the Pres/Abs and
abundance models, respectively. Salinity was not included due
FIGURE 3 | January-July-mean of integrated-200-m-water-column
temperature for the spawning area between 1992 and 2013.
to its low contribution to the explained deviance of the model.
No overfitting was detected. Models are detailed in Table S1,
response curves in Figure S2 (Pres/Abs model) and Figure S3
(EP model), and the projected present EP is shown in Figure 5.
As an additional measure to evaluate the reliability of this
model, we assessed its correspondence with the spatio-temporal
reconstructed model (Figure 2) using the correlation at monthly
basis. The correlation (r2) was high in well sampled months
corresponding also to high spawning activity months (0.65
in May, 0.53–0.58 in March–April, 0.47–0.52 in June–July)
and low in only 2 months at the beginning of the spawning
season (0.22–0.25 in January-February). This is probably because
January and February were scarcely sampled.
The two scenarios projected are significantly different
(Figure 6). The highest emission scenario (RCP8.5) projects a
northward shift of the CoG of the spawning distribution of
175 km north for the middle of the century (2040–2059) and
of 328 km for the end-of-the-century (2080–2099). A westward
shift of 32 km for the middle of the century and of 117 km for
the end-of-the-century is also forecasted. The medium emission-
mitigation scenario (RCP4.5) leads to a less clear trend, with
a northward shift of 24 km projected for mid-century and no
shift predicted for the end-of-the-century. However, P5% and
P95% confirm a shift of the NEAM spawning distribution range
under RCP4.5. The spawning activity should decrease in the
south and rise in the north. P5 and P95% are both expected
to shift northward by 56 km to the end-of-the-century. EP
should shift westward by 68 and 76 km at mid-century and
end-of-the-century, respectively. The present spawning area is
expected to undergo strong changes in terms of EP under both
scenarios (Table 4). The EP is projected to decrease in the east
part of the spawning area while it should rise in the north. Overall
EP projections vary according to scenarios and time frames.
Under RCP4.5, a decrease of 9.3% on overall EP is projected to
the middle of the century while an increase of 12.0% is projected
to the end-of-the-century under RCP4.5. Conversely, RCP8.5
projects an increase of 3.5% to the middle of the century and a
decrease of 8.2% to the end-of-the-century.
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FIGURE 4 | Averaged-200-m-water-column temperature anomalies for the NEAM spawning area between: (A) present (2006-2020) and mid-century
(2040-2059) under RCP4.5, (B) present (2006-2020) and end-of-the-century (2080-2099) under RCP4.5, (C) present (2006-2020) and mid-century
(2040-2059) under RCP8.5, and (D) present (2006-2020) and end-of-the-century (2080-2099) under RCP8.5.
TABLE 4 | Percentage of the spawning area that should undergo a change in daily egg production (EP) over the 21st century.
Scenario Period Increase in EP (>5%) No significant change in EP (−5% > EP > 5%) Decrease in EP (< −5%)
RCP4.5 Present-mid-century 36.8 19.6 43.6
Present-end-of-the-century 44.8 19.2 36.0
RCP8.5 Present-mid-century 49.2 13.5 37.4
Present-end-of-the-century 38.2 6.7 55.1
DISCUSSION
Past Trends and Niche Tracking
Two GAM-based models, a spatiotemporal reconstruction, and a
thermal niche model have been built to analyse the past trends
of the NEAM spawning distribution. To confirm that NEAM
has shifted northward in response to sea warming, we compared
the shift of the reconstructed spawning activity CoG with the
shift of the thermal spawning-niche CoG. This approach avoids
bias due to the northward expansion of the sampling effort,
which is estimated in 289.8 ± 40.9 km/decade. As a result of the
sampling effort shift, the CoG of the raw EP observations shift
rate (84.6 ± 57.3 km/decade) is overestimated, since it is higher
than the reconstructed EP (15.9± 0.9 km/decade). This approach
has been implemented for the first time for NEAM spawning.
Moreover, we also included the SSC and the year 2013 in our
analysis providing a more complete view of the NEAM spawning
changes. The spatiotemporal reconstruction model CoG analysis
confirms a northward shift of NEAM spawning distribution.
The WSC and SSC have shifted 33 km northward between 1992
and 2013. NEAM thermal spawning-niche has shifted 180 km
north in a similar manner. Those results suggest that NEAM has
shifted its spawning distribution northward to track its thermal
spawning-niche, which is supported by a statistically significant
correlation between the CoG of the reconstructed spawning
model and the yearly-mean temperature of the spawning area.
We estimated that the warming of the spawning area induces
a shift of 20.6 ± 7.1 km/◦C of sea warming for the western
component, taken individually. Our estimated rate of shift is
slightly lower than the one calculated by Hughes et al. (2014) (i.e.,
37.7 km/◦C of warming). Differences in the timeframe andmodel
parameters used could explain those differences. The larger shift
rate of the thermal spawning habitat compared with the shift in
spawning activity might be due to a time lag in the response to sea
warming, to be affected by other factors such as prey abundance,
or to certain adaptability to the new conditions through, for
instance, phenological changes. Mackerel is able to spawn in a
wide range of temperature (8–18◦C) (Reid, 2001). However, the
most suitable temperature for egg development seems to range
from 12 to 13◦C (Ibaibarriaga et al., 2007). Concerning the lack
of northern shift of the southern component, the explanation
should deserve more research since this component occupies a
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FIGURE 5 | NEAM spawning niche model distribution in present (2006–2020) conditions under RCP4.5 scenario. (A) January, (B) February, (C) March, (D)
April, (E) May, (F) June, (G) July.
small area which is influenced by the Galician upwelling with
colder waters compared to the SE corner of the Bay of Biscay
which is at the same latitude.
Among other potential environmental variables in explaining
poleward spawning distribution shift, we have analyzed
phytoplankton (chlorophyll concentration), salinity, sea height,
andMLD. The temporal trends of those variables in the spawning
zone along period were not statistically significant for chlorophyll
concentration (p = 0.281) and for SSS (p = 0.104), hence these
two variables cannot explain the spawning distribution shift. The
temporal trends of MLD decreased in the spawning zone along
period (p = 0.0152), although it contributes <2% to explain the
deviance of spawning distribution (Table 3). Therefore, MLD
cannot explain the spawning distribution shift. The temporal
trend of SSH increased in the spawning zone along period (p
= 0.0014), although it contributes less than sea temperature to
explain the deviance of spawning distribution (Table 3, Figure 6
and 9%, respectively, for Pres/Abs model). Moreover, when the
two variables are included in the Pres/Abs model, sea height
adds only 1% in explaining the overall spawning distribution
deviance, since the two variables are highly correlated (r2 =
0.72). This indicates that those four biotic and environmental
variables are not potential candidates to explain poleward
spawning distribution shift.
The significant thermal spawning habitat shift seems to
conform with the strong increase in sea temperature detected
between 1992 and 2013. Although the oceans have warmed
since the middle of the twentieth century (Levitus et al., 2005),
the warming is non-homogeneously distributed across space
and time. The Atlantic has exhibited significant multidecadal
variability in sea temperature due to changes in circulation
patterns (Robson et al., 2012; Roberts et al., 2014). Palmer and
Haines (2009) detected a significant warming for the North
Atlantic Ocean. Specifically, the south-eastern Bay of Biscay,
where high spawning intensity for mackerel occurs, has warmed
significantly over the past three decades (deCastro et al., 2009;
Goikoetxea et al., 2009; reviewed in Chust et al., 2011). Hughes
et al. (2014) estimated that the WSC’s SST, if it had remained
in the 1977 distribution, would have warmed at a rate of
0.125◦C/decade between 1977 and 2010. The higher rate of
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FIGURE 6 | Change (%) in daily egg production under RCP4.5 and 8.5.Change between: (A) present and mid-century under RCP4.5, (B) present and
end-of-the-century under RCP4.5, (C) present and mid-century under RCP8.5, and (D) present and end-of-the-century under RCP8.5.
warming we estimated (0.219◦C/decade for integrated-200-m-
water-column) is due to the different period of time considered
(1992–2013).
Future Projections
The climate scenarios analyzed here indicate that future
spawning distribution changes will be more complex than a
simple northward shift. A spatially heterogeneous warming over
the spawning area is projected and the waters south of Greenland
and Iceland are even expected to undergo a cooling specially
under RCP4.5 due to the weakening of the Atlantic Meridional
Overturning Circulation (AMOC) (Collins et al., 2013). All RCP
scenarios predict a decrease in the strength of this important
oceanic current over the course of the 21st century (Collins et al.,
2013). Projections in sea temperature of the MPIOM model are
in the average range compared with other earth system models
used in the IPCC AR5 (Collins et al., 2013). If the emissions of
greenhouse gases follow a high emissions scenario (i.e., RCP8.5),
a strong northward shift in the spawning distribution is expected.
Under the medium emission-mitigation scenario (RCP4.5), the
spawning distribution CoG is not expected to shift; however, the
distribution range boundaries will evolve, rising in the north, and
decreasing in the south.
Eggs and larvae development requires specific physiological
ranges; one of the most important seems to be a suitable water
temperature. Based on the time series analysis and projections,
we can conclude that NEAM is expected to continue tracking
its thermal niche as the water temperature gradually warms up
due to climate change. Those changes in the distribution might
have severe impact on the recruitment since the leading-edge
areas might not fit all the needs for egg and larvae development.
For instance, winds and currents play an important role in the
passive transport of larvae toward nursery grounds (Bartsch et al.,
2004). Such favorable winds and currents might not prevail in
leading-edge areas, triggering poor recruitment. Leading-edge
areas are mainly located in the Norwegian and Greenland Sea,
while rear-edge areas cover the Bay of Biscay, and the Portuguese
and northern Spanish coasts. On the other hand, there is still high
uncertainty on the future overall EP and recruitment, according
to our projections.
As a migratory species, mackerel has a capacity to adapt
quickly to environmental changes (Hughes et al., 2014), although
its fidelity to the feeding and spawning areas may constrain
its adaptation if climate changes significantly. A migratory fish
species has three choices in their adaptation to ocean warming:
(1) to shift their spatial distribution to maintain their thermal
range (i.e., niche tracking); (2) to change their timing migration
to arrive earlier when waters are cooler (i.e., phenology changes),
or (3) to change their depth-distribution, i.e., migrating to deeper
waters to search for cooler temperatures (Perry et al., 2005).
It is possible that the adaptation strategy combine those three
possibilities. However, the egg gravity is species-specific and the
vertical distribution of mackerel eggs vary with hydrography and
development stage (Sundby, 1983). Since water temperature and
currents often vary with depth, the vertical position of the eggs
can affect their rate of development, and rate and direction of
drift (Kendall, 2001). Therefore, it is probably not possible for
mackerel to spawn in deeper, cooler waters.
The state of the mackerel stock and its influence on NEAM
distribution has not been investigated in the current analysis.
However, recent studies underlined the hypothesis that an
expansion of the stock could be a potential co-factor to explain
the northward shift (Hughes et al., 2015). Phenotypic and
genotypic adaptation can also play an important role in species
adaptation. Although, there is growing evidence for rapid
adaptive evolution in response to climate change (Lavergne
et al., 2010), ecological niche-based models, such as the one
used in this study, ignore the adaptive potential of species
(Villarino et al., 2015). Ecological processes such as competition,
positive interactions, and trophic relationship and ecological
processes such as dispersal and population dynamics are other
factors that were not included in our models and which can
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affect rates of species range shifts (Lavergne et al., 2010). For
instance, the future distributions projected in our study assume
the same interactions with competitors and predators as in
the present, which presumably will change. Further research
in the adaptive potential of NEAM is required to improve
projections. Other uncertainties in our projections are due to
the error propagation in the coupling of the hydroclimatic and
biogeochemical model projections with our habitat model. In
particular, high uncertainty still remains in the projections of
the primary production (Chust et al., 2014) and zooplankton
abundance (Villarino et al., 2015) in this area, which are key
trophic levels for the Atlantic mackerel juveniles.
For climate change modeling, it is generally accepted that
averaging of results from an ensemble of models produces a more
reliable result (e.g., Pierce et al., 2009), although here only a
single model was used. This implies the need for caution since
our conclusions on mackerel spawning projections are subject
to an unknown uncertainty associated to the use of a single
global model. It is known for instance that MPIOM present
significant biases in SST in North Atlantic compared to present
(1980–2005) observed climatology, with lower temperatures in
the central part and higher temperatures in the northern area
(Jungclaus et al., 2013) which might affect the north-eastern
boundaries of the NEAM spawning area projections. On the
other hand, since the estimation of changes is based on the
relative comparison between the future with respect to reference
period, the effect of those biases on projected spawning change is
probably attenuated.
Several European countries exploit the mackerel stock during
the spawning season. EP is based on stage 1 eggs, and as
mackerel eggs spend only 1–2 days in stage 1, it is a suitable
proxy for the location of spawning adults (Hughes et al.,
2014). Projecting future spawning distribution aims to provide
adaptation criteria for local fisheries within a sustainable fisheries
management framework. As mentioned previously, the future
change of EP and recruitment over this century is uncertain.
It is likely that future changes in NEAM distribution will lead
to new fishing opportunities in the Norwegian and Greenland
Sea. Contrastingly, mackerel abundance will decrease in areas
subject to strong warming such as the in Bay of Biscay, and
the fishing period might shift earlier. Caution should therefore
be taken in stock management in the Bay of Biscay where
the NEAM population is identified as vulnerable to climate
change.
From an evolutionary point of view, the selection of periods
and grounds for spawning might be considered as a specific
evolutionary adaptation of the species to encourage their
reproductive success. It is known that the most vulnerable
phases throughout fish life cycle are eggs and larval stages, when
their survival rates are strongly dependent on external factors.
According to Hjort’s hypothesis (Hjort, 1926), failures during
the first-feeding larval stage or “aberrant drift” of eggs and
larvae can produce higher mortality and it plays an important
role in determining fish cohort strength. Continuous failures
in recruitment tend to causes a dramatic reduction in fish
populations, with resulting negative consequences for fishery
industry.
In summary, this study showed that both the spawning activity
distribution and the thermal spawning-niche of NEAM have
shifted northward between 1992 and 2013. This suggests that
NEAM has tracked its thermal spawning-niche in response to sea
warming, although the warming is certainly not the only cause of
this shift. Other potential drivers such as stock size and density-
dependent processes deserve to be investigated. Ocean warming
is expected to continue affecting NEAM spawning activity over
the 21st century, with displacements toward the northwest and
differences in amplitude according to emission scenario and
timeframe. Consequences for the survival of early life stages
could certainly be detrimental when aberrant drift occurs in
combination with these changes. Our projections aim to allow the
fishing industry to anticipate the future distribution of mackerel
shoals during the spawning period. Therefore, this study has
implications in terms of future international management of the
stock, for fisheries adaptation, and for the planning of future
ICES egg surveys. Future research should focus on other potential
drivers, on phenology response, on the adaptive potential of
NEAM to climate change, and reducing uncertainty from future
projections by considering different climate change models.
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Figure S2 | NEAM response curves for the Pres/Abs model used for future
projections.
Figure S3 | NEAM response curves for the EP model used for future
projections.
Data Sheet S1 | Model validation.
Table S1 | GAMs used for extrapolation under RCP4.5 and 8.5. Species
probabilities of occurrence predicted by the presence/absence model
were converted to either presence or absence using a mean-threshold of
0.69.
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